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Implications of study

 (2) Ambient plasma can become dominated by supra thermal electrons=> need kinetic treatment of ambient    
      plasma

(1) Suprathermal runaway electrons return to the acceleration region, if the acceleration is ongoing

(2) Nonthermal seed particles are present in the corona to be further accelerated to high energies

(3) The heating by the return current is reduced by the presence of runaway electrons but it is higher than 
heating by Coulomb collisions

Implications for thermal response

Implications for the acceleration region

(1) Return currents heat corona faster to higher temperatures, BUT heat chromosphere slower and to lower 
temperatures



OUTLINE

why should anybody care at this point?  Change the heating, change the injected flux, 

Assumptions of runaway return current model

Example of RADYN calculation with and without return currents (Runaways negligible)

Comparison of cases with and without runaways

Summary and future work

Introduction: Do we have a handle on the low- and high-energy cutoffs?

Return currents affect the observationally deduced electron power and energy cutoffs



DO WE HAVE A HANDLE ON THE LOW- AND HIGH-ENERGY CUTOFFS?

why should anybody care at this point?  Change the heating, change the injected flux, 

Strong X-ray flattenings inconsistent with all known propagation effects (Alaoui & Holman 2017)

Yes! In flares with strong observed flattening (“breaks”) at lower energies during main impulsive phase 

Strong flattenings inconsistent with observable (Holman 2003) high-energy cutoffs < 1 MeV 
because flare emission above the background is observed to MeV range in 13/18 flares

=>Low-energy cutoffs necessary to explain the strong flattenings of main impulsive phase 

    (Time evolution and goodness of fit favor gradual rather than sharp low-energy cutoffs)

    Alaoui & Holman 2017

Warmuth et al 2009: An event with low-energy cutoffs >100 keV during the last peak of impulsive phase
Other events: Low-energy cutoffs higher than 70 keV consistent with 6 late peak RHESSI events:

 (Alaoui et al. in prep, cf. SPD 2021 poster)

(50% of M- and X-class flares 2002-2006: Alaoui, Krucker, Saint-Hilaire 2019)  

Yes! In 6 events, with strong flattenings during the late impulsive phase



EXTENDED STANDARD MODEL WITH RETURN CURRENTS

why should anybody care at this point?  Change the heating, change the injected flux, 



MODEL DESCRIPTION: FIND ELECTRIC FIELD ASSUMING

STEADY-STATE 

THERMALIZATION  OF  ELECTRONS

STABLE RETURN CURRENT

POWER-LAW INJECTED

CURRENT BALANCE Jbeam(x) = JRC(x)
Jdrift(x) + Jrunaway(x)

SUB-DREICER  ELECTRIC  FIELD

accelerated  electrons continuously  injected  at apex  of  1D  loop model

Time scales >> than electron-ion collision time, i.e. return current/beam 
system reached steady-state (Van den Oord 1990) 

No current-driven instabilities.  Resistivity is Spitzer

   everywhere along the electrons’ path ERC < 0.12ED

If energy of direct beam electrons reaches thermal energy, electrons lost from beam

Ohm’s law Runaway growth rate  from Landreman et al. (2014)

We use higher values for  but the accuracy of the solution decreases with increasing  ERC ERC



RETURN CURRENTS HEAT CORONA FASTER AND TO HIGHER TEMPERATURES
In this example, runaway electrons are  ~3% at the looptop, so we use FP (Allred+20) with & without return current

Observationally, if return currents are not considered, 
Injected electron and energy flux densities are overestimated 

The heating in the chromosphere is overestimated when 
return currents are not considered



RETURN CURRENT LOSSES DOMINATE OVER COLLISIONS

Except low-energy cutoff 15 keV
Low-energy cutoff 25 keV Same parameters (number flux density)

Lower low-energy cutoff results in thermalization of 
more beam electrons in the corona=>reduced electron flux 
into chromosphere

Return currents cannot be neglected

Even when considering heating reduction
due to presence of runaways



IN HOTTER PLASMAS RETURN CURRENTS ARE STILL SIGNIFICANT

Same beam parameters as example 1 
but hotter atmosphere

RC significant but runaways negligible

Higher injected flux density compared 
to example on left

Higher injected flux=> higher runaways 
and higher reduction of heating


+Coulomb collisions contribute to reducing 
the heating especially in runaway case

Same injected flux density compared to 
example in the middle, higher low-energy cutoff

Beam electrons thermalized below 
transition region



RETURN CURRENT AFFECTS ACCELERATION REGION AND CHROMOSPHERE

T=3.2 MK         ne = 7.5 × 109cm−3

Fe0 = 4 × 1018e−cm−2s−1 ; 2.4F11

keVEc0 = 25 δ = 4

INPUT PARAMETERS

(3) Corona is a “warm target” because of return

(2) Electron flux injected into chromosphere reduced by

Main implications

due to thermalization by the return current

current losses

(1) 43% of flux returning to acceleration region
is suprathermal



EXAMPLE 1: ELECTRIC  FIELD  &  POTENTIAL  DROP  SPATIAL  EVOLUTION

Energy of runaway electrons at looptop (gain of 21 keV) >> thermal energy

ELECTRIC FIELD EVOLUTION POTENTIAL DROP

Electrons returning to the acceleration region are already suprathermal=> further accelerated to keep acceleration ongoing

No runaways
No runaways



SUMMARY

(2) Runaways can have energies ~10-30 keV (i.e, lower but same order of magnitude as 
accelerated electrons)>> thermal energies 

(3) Runaway electrons can be tens of % of the flux returning to acceleration region

ELECTRON BEAM ACCELERATION

THERMAL RESPONSE

(1) When runaways are significant, they provide suprathermal particles which can be 
accelerated to even higher energies in the original acceleration region

 arXiv link: https://arxiv.org/pdf/2103.13999.pdf

(3) Neglecting return currents overestimates injected electrons into chromosphere 
and accelerated electron flux densities

(1) The corona is heated faster and to higher energies
(2) The chromosphere is heated slower and to lower energies



https://hesperia.gsfc.nasa.gov/collaborate/malaouia/public_html/alaoui-44.pdf

SolFER meeting poster on runaway electronsRunaway paper

https://arxiv.org/pdf/2103.13999.pdf
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Also check FP paper: Allred et al. 2020

https://iopscience.iop.org/article/10.3847/1538-4357/abb239/pdf

Next:  Develop a model for any electric field magnitude compared to the Dreicer field

Calculate the thermal response
Include pitch-angle dependence

Check out the papers

https://hesperia.gsfc.nasa.gov/collaborate/malaouia/public_html/alaoui-44.pdf
https://arxiv.org/pdf/2103.13999.pdf
https://iopscience.iop.org/article/10.3847/1538-4357/abb239/pdf
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EXTRA SLIDE:FIVE ATMOSPHERES WITH CONSTANT CORONAL TEMPERATURE AND DENSITY
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EXTRA SLIDE: INITIAL PITCH-ANGLE DISTRIBUTION AFFECTS THE HEATING
Calculations using Allred et al. 2020

Ż
�+��	

�+��	

Ż
Ż

Distance along loop [ Mm ]

100

10

1
1019

1018

1017

1016

Be
am

 fl
ux

 d
en

si
ty

  
-2

   
 -1

  
[ c

m
   

s 
   

]
He

at
in

g 
ra

te
  [

er
g 

 cm
   

s 
   

]
-3

   
-1

  

10 20 300

Reversed beam 
electrons

Ż

Ż



Constant temperature  
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Solid lines: 20 keV 
Dashed lines: 50 keV


